Superfund sites that are contaminated with lead and undergoing remedial action generate lead -enriched dust that can be released into the air. Activities that can emit lead -enriched dust include demolition of lead smelter buildings, stacks, and baghouses; on -site traffic of heavy construction vehicles; and excavation of soil. Typically, air monitoring stations are placed around the perimeter of a site of an ongoing remediation to monitor air lead concentrations that might result from site emissions. The National Ambient Air Quality ( NAAQ ) standard, established in 1978 to be a quarterly average of 1.5 g / m 3 , is often used as a trigger level for corrective action to reduce emissions. This study explored modeling approaches for assessing potential risks to children from air lead emissions from the RSR Superfund site in West Dallas, TX, during demolition and removal of a smelter facility. The EPA Integrated Exposure Uptake Biokinetic ( IEUBK ) model and the International Commission of Radiologic Protection ( ICRP ) lead model were used to simulate blood lead concentrations in children, based on monitored air lead concentrations. Although air lead concentrations at monitoring stations located in the downwind community intermittently exceeded the NAAQ standard, both models indicated that exposures to children in the community areas did not pose a significant long -term or acute risk. Long -term risk was defined as greater than 5% probability of a child having a long -term blood lead concentration that exceeded 10 g / dl, which is the CDC and the EPA blood lead concern level. Short -term or acute risk was defined as greater than 5% probability of a child having a blood lead concentration on any given day that exceeded 20 g / dl, which is the CDC trigger level for medical evaluation ( this is not intended to imply that 20 g / dl is a threshold for health effects in children exposed acutely to airborne lead ). The estimated potential long -term and short -term exposures at the downwind West Dallas community did not result in more than 5% of children exceeding the target blood lead levels. The models were also used to estimate air lead levels for short -term and long -term exposures that would not exceed specified levels of risk ( risk -based concentrations, RBCs ). RBCs were derived for various daily exposure durations ( 3 or 8 h / day ) and frequencies ( 1 -7 days / week ). RBCs based on the ICRP model ranged from 0.3 ( 7 days / week, 8 h / day ) to 4.4 g / m 3 ( 1 day / week, 3 h / day ) for long -term exposures and were lower than those based on the IEUBK model. For short -term exposures, the RBCs ranged from 3.5 to 29.0 g / m 3 . Recontamination of remediated residential yards from deposition of air lead emitted during remedial activities at the RSR Superfund site was also examined. The predicted increase in soil concentration due to lead deposition at the monitoring station, which represented the community at large, was 3.0 mg / kg. This potential increase in soil lead concentration was insignificant, less than 1% increase, when compared to the clean -up level of 500 mg / kg developed for residential yards at the site.
Introduction
Superfund sites that are contaminated with lead and undergoing remedial action generate lead -enriched dust that can be released into the air. Activities that can emit leadenriched dust include demolition of lead smelter buildings, stacks, and baghouses; on -site traffic of heavy construction vehicles; and excavation of soil. Typically, air monitoring stations are placed around the perimeter of a site of an ongoing remediation to monitor air lead concentrations that might result from site emissions. The National Ambient Air Quality (NAAQ ) standard is often used as a trigger level for corrective action to reduce emissions. The U.S. Environmental Protection Agency (EPA ) established an NAAQ standard for lead at 1.5 g Pb/m 3 air, averaged over a calendar quarter (U.S. EPA, 1978 ) . In establishing the standard, the EPA determined that young children (ages 1 -5 years ) should be regarded as a group within the general population that is particularly sensitive to lead exposure. The EPA considered 15 g Pb/ dl blood as the maximum safe blood lead level (geometric mean, GM ) for a population of young children and, of this amount, 12 g /dl should be attributed to exposure sources other than air. The difference between these values, 3.0 g Pb /dl, was estimated to be the allowable safe contribution of air lead exposure to the population GM. Based on epidemiological evidence, which indicated that the ratio of air lead ( g Pb/m 3 ) to blood lead (g Pb/ dl ) was 1:2, the EPA determined that the level for the proposed standard should be 1.5 g Pb/m 3 . Subsequent to establishing the NAAQ standard, the EPA developed a modeling approach for estimating the effectiveness of alternative NAAQ standards for lead, particularly for regulating point sources of air lead emissions such as smelters (U.S. EPA, 1989a ). An expanded version of the model (0.99d ) was released in 1994 as the Integrated Exposure Uptake Biokinetic (IEUBK ) Model for Lead in Children; a Windows version (IEUBKwin ) was released in 2001. The IEUBK model converts estimates of childhood exposures to lead in air, soil and dust, drinking water, and food into predictions of blood lead concentrations, and risks of exceeding blood lead concentrations of concern (U.S. EPA, 1994b,c ) . The EPA currently recognizes blood lead concentrations greater than 10 g /dl as levels of concern ( U.S. EPA, 1994a ) and, in regulatory actions, the EPA seeks to limit exposures sufficiently to ensure that a typical child or group of similarly exposed children would have an estimated probability of no more than 5% of exceeding a blood lead concentration of 10 g/dl (P 10 = 5%; U.S. EPA, 1994a EPA, , 2001a . The 10 g /dl concern threshold is based on analyses conducted by the Centers for Disease Control ( CDC, 1991; ATSDR, 1999 ) and the EPA (Smith et al., 1989; U.S. EPA, 1989b ) that have associated blood lead concentrations of 10 g/ dl and higher with health effects in children. The CDC has also recommended that a blood lead concentration of 20 g /dl, or higher, in a child should trigger a medical evaluation of the child to determine the need for immediate intervention ( CDC, 1991 ) .
In this study, modeling approaches were explored in an assessment of the potential impacts of air lead emissions on risks to children living near the RSR Superfund site in West Dallas, TX ( Figure 1 ). In particular, the applicability of the NAAQ standard was assessed as a trigger for corrective actions during remedial actions at the site, which had the potential to produce short -term emissions of airborne lead that would exceed the standard. Modeling approaches to deriving risk -based concentrations ( RBCs ) for air lead emissions that could provide a more site-specific alternative to the NAAQ standard for establishing corrective action trigger levels were also explored. The RSR site was a secondary lead smelting facility that occupied approximately 6.5 acres in a heavily populated, mixed residential and industrial area of Dallas. From 1991 to 1995 inspections, investigations, and removal actions were performed by the EPA. On September 29, 1995, the site was finalized on the National Priorities List (NPL ). The EPA then conducted a Remedial Investigation /Feasibility Study ( RI/ FS ) and, in February 1996, signed a Record of Decision. The remedial action at the smelting facility consisted of: (1 ) demolition of site buildings and off-site disposal; (2 ) demolition of the smelter stack and off-site disposal; (3 ) excavation of concrete foundations, pavement, contaminated soil, and off-site disposal; and ( 4) backfilling the site with a soil cover.
Potential impacts of air lead exposures at the RSR site on blood lead concentrations in young children were assessed using the EPA IEUBK model ( v.99d) and the International Commission of Radiologic Protection ( ICRP ) lead model (Leggett, 1993; Pounds and Leggett, 1998) . Although there are many differences between the two models, one difference particularly relevant to this analysis is the exposure time step ( the shortest time interval over which the exposure can be varied in a simulation ). The IEUBK model allows lead intake to vary over intervals ( steps ) of 12 months or longer, whereas the ICRP model simulates lead intakes that can vary in intensity over time spans as small as 1 day. The 1-day time step was useful in this analysis for evaluating impacts of rapidly changing air lead concentrations. The potential for recontamination of remediated residential yards from deposition of air lead emitted during remedial actions at the site was also examined.
Methods

Air Monitoring
Air sampling was conducted before and during the remedial activities to monitor particulate and lead concentrations at the site perimeter and at off-site community areas, such as schools and other designated off-site locations. Air monitoring included time-integrated air sampling using high -volume PM 10 samplers (particulate matter with an aerodynamic diameter less than or equal to a nominal 10 m ) and total suspended particulate ( TSP ) samplers for metal constituent analysis, including lead. The trigger levels for corrective actions were as follows (ENTACT, 2000 ): Meteorological parameters were monitored at an on -site weather station. The predominant wind direction at the site ( 21% ) was from the south. Secondary wind directions included south -southwest, south -southeast, southeast, and north. Samplers were positioned to monitor air quality from the primary and secondary wind directions. A total of nine high -volume samplers and nine PM 10 samplers were used, including one duplicate set which served quality assurance and control purposes. On -site locations included a highvolume TSP sampler for metals and a PM 10 sampler located at the south and east boundaries of the remediation activities, which monitored potential dispersion of emis- 
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Khoury and Diamond sions from the north and west, respectively. Off -site community locations included four high -volume TSP samplers for metals and four PM 10 samplers located at each of three separate locations north and northwest of the remediation site, with one set of high -volume samplers serving quality and assurance control purposes. Three highvolume TSP samplers for metals and three PM 10 samplers were located at schools northeast of the site. Twenty -fourhour samples were collected daily, except when no on -site work activity occurred and on days in which there was no potential for dust generation because of precipitation. Air monitoring began prior to initiation of remediation activities and concluded after the activities were completed, for a total monitoring period of 232 days ( October 2000 -May 2001 . During this period, approximately 150 samples were collected from each site. Data capture was greater than 90%. Lead was sampled using a high -volume sampler with a glass fiber filter and a sampling rate of 1100 -1700 l/min for a 24-h period ( U.S. EPA, 2001b ) . PM 10 was sampled using a high -volume sampler consisting of a size -selective inlet head with a glass fiber filter and a sampling rate of 1100 -1700 l/min for a 24-h period (U.S. EPA, 2001c ) . Lead was measured according to EPA method SW-846, Method 6010B, Inductively Coupled Plasma (ICP ) Atomic Emission Spectroscopy. Sample turnaround time was arranged so that results of air sample analysis were available within three business days of sample collections. Overall objectives and discussion of precision, accuracy, representativeness, completeness, and comparability are documented elsewhere (ENTACT, 2000 ) .
Modeling Blood Lead Concentrations
IEUBK Model Simulations were run using the IEUBK model v. 0.99d (U.S. EPA, 1994b ). The IEUBK model allows lead intake to vary over intervals ( exposure time steps ) of 12 months or longer (where each 12-month period represents an age -year of the child ); therefore, exposure durations shorter than 12 months were modeled as 12 -month exposures. If relatively constant exposures are assumed to exceed 3 months, error introduced by use of the 12 -month exposure period to simulate actual exposures that were less than 12 months is relatively small (less than 10% ). This is because the model simulates a blood lead elimination half -time of approximately 30 days, and 3 months is sufficient to achieve approximately 90% of quasi -steady state. However, the 12-month steady -state values will overestimate blood lead concentrations expected for exposure durations shorter than 3 months of the same magnitude. All simulations assumed that exposure to site -impacted air lead occurred during the age interval 24 -36 months, the age at which the model predicts the highest blood lead concentrations in response to a constant exposure.
In order to simulate intermittent exposures ( e.g., 5 days / week ), air lead concentrations were time -averaged as follows:
where PbA TWA (g/m 3 ) is the time -averaged exposure concentration, PbA is the observed or expected air lead concentration ( g/m 3 ), PbA base is the baseline air lead exposure concentration that would be expected to occur in the absence of site exposure (0.1 g/m 3 , the IEUBK model default value ), EF is the exposure frequency (day /week ), and AT is the averaging time (7 days / week ).
Simulation of exposures to air lead concentrations measured at monitoring locations was achieved by assuming exposure to the arithmetic mean concentration measured at each station. Use of the arithmetic mean, as opposed to other central tendency estimates such as the GM, is consistent with recommended guidance for use of the model (U.S. EPA, 1994b ) . The mean exposure concentration was calculated by assigning values to each of the 232 consecutive monitoring days as follows: (1 ) the monitored outdoor air lead concentration was used if a concentration was reported; (2 ) if the concentration was reported as < X (where X is concentration ), then the value X was used in the simulation for that day; (3 ) if no concentration was reported for a given monitoring day because of sampling failure (range 2 -6% of monitored days ), the arithmetic mean of the concentrations reported for most the recent day preceding and following the missing value was used in the simulation for that day; (4 ) on days in which air lead was not monitored ( e.g., weekends ), a value of 0.1 g/m 3 was assumed for that day, the IEUBK model default value (U.S. EPA, 1994c) . Time spent outdoors for the age range 24 -36 months was adjusted from the default value of 3 to 8 h /day in some simulations to explore the potential impacts of longer daily exposures to outdoor air. All other parameter values were assigned default values, including the adjustment factor of 0.3 relating indoor air to outdoor air lead. Soil and dust lead concentrations were assigned values of 200 ppm, respectively (U.S. EPA, 1994c ). The probabilities of exceeding a given blood lead concentration of 10 g/dl (P 10 ) or 20 g/dl (P 20 ) were calculated assuming that the output of the model represented a GM of a lognormal distribution of blood lead concentrations having a geometric standard deviation (GSD ) of 1.6, the IEUBK model default value (U.S. EPA, 1994c ) . Fortran code (v. r4chelat ) for the ICRP model was generously provided by Dr. Joel Pounds of Pacific Northwest National Laboratory. The source code was modified to allow up to 250 unique air lead intakes in each simulation; this modification allowed discrete simulation of the daily monitoring data. An integration time step of 0.1 day and a communication interval of 1 day were used in all ICRP model runs. The shortest compartment half -time in the ICRP model is 0.5 min; thus, some integration error in calculating rapidly changing blood lead concentrations may occur if integration time steps larger than 0.0001 days are used . However, in typical simulations used in this analysis, predicted blood lead concentrations varied by less than 2% when the integration time step was varied over a range of 0.1-0.0001 days; thus, an integration step of 0.1 day achieved acceptable stability of the blood lead output at reasonable run times of less than 1 min.
ICRP Model
The ICRP model uses lead intakes to the respiratory tract ( or gastrointestinal tract ) as input, rather than air lead concentrations; therefore, air lead concentrations were converted to air lead intakes (g/ day) as follows:
where, IN air is the amount of lead deposited in the respiratory tract ( g /day ); PbA out is the outdoor air lead concentration (g/m 3 ); PbA in is the indoor air lead concentration ( PbA out Â0.3 g/m 3 ); V is the ventilation rate (5 m 3 / day, IEUBK model default for the age range 24 -36 months); OUTSIDE is the fraction of hours spent outside each day (the IEUBK model default value for the age range 24-36 months is 3 h /day ); and INSIDE is the fraction of hours spent indoors each day (1 À OUTSIDE ). Eq. ( 2) is identical to the intake calculation used in the IEUBK model ( U.S. EPA, 1994c ) . All inhaled lead was assumed to be deposited in the respiratory tract. All exposures were assumed to begin on age -day 730.
The ICRP model simulates lead intakes that can vary in intensity over time spans as small as 1 day; this obviated the need to average the air exposure concentrations over intervals longer than 1 day -the actual air monitoring unit interval. Exposures of frequencies less than 7 days/ week were simulated as such; e.g., a 5 -day/week exposure to 1.5 g/m 3 was simulated as a repeated series of five consecutive days of exposure to 1.5 g/m 3 followed by 2 days to the baseline exposure concentration ( 0.1 g/m 3 ). Similarly, daily monitoring data were simulated discretely without averaging over longer time intervals. Values for air lead concentrations were assigned to each of the 232 air monitoring days using the same procedure described above for the IEUBK model simulations.
Potential exposures to air emissions from the site were assumed to occur above a baseline exposure from other environmental media ( e.g., soil and dust, drinking water, and diet ). Although there are many possible ways to represent the baseline exposure, to be consistent with simulations run using the IEUBK model, a baseline simulation that replicated as closely as possible the age -year average blood lead concentrations predicted by the IEUBK model with all values set to their default values (see Figure 3 ) was developed. This same baseline was used in all ICRP model runs. The probabilities of exceeding a given blood lead concentration of 10 g/dl (P 10 ) or 20 g/dl (P 20 ) were calculated assuming that the output of the model represented a GM of a lognormal distribution of blood lead concentrations having a GSD of 1.6, the IEUBK model default value.
Deposition and Accumulation of Lead in Soil
The deposition rate for a specific particle size can be represented as follows:
where D is the particle deposition rate ( g/s m 2 ), v i is the deposition velocity (m / s) of particles of size i, and C i is the airborne particulate concentration ( g/m 3 ) of particles of size i.
Air sampling was conducted only during days on which it did not rain; thus, the average values for the 232 -day sampling period may tend to overestimate actual annual averages because they do not take into consideration the effect of precipitation, which removes particulate matter from the air column and suppresses the emission of fugitive dust from the site. Wet deposition was not considered further in this analysis. Although mechanisms of dry deposition include gravitational settling and impaction, for the estimation purposes, it was assumed that all dry deposition occurred by gravitational settling. Gravitational settling velocities vary with particle size. The only data on particle size available for the site were the PM 10 values recorded at the monitoring stations. We assumed, for modeling purposes, that all particles in the PM 10 fraction had an actual diameter of 10 m. The gravitational settling velocities for spheres 10 m in diameter were assumed to be 0.6 cm /s (Lapple, 1961 ) . The retention of atmospheric lead in surface soil is dependent upon the organic matter content and pH of the soil. When atmospheric lead is deposited on undisturbed soil, it is retained in the upper 1 -5 cm of the soil column ( U.S. EPA, 1986 ) . The cumulative concentration of lead in uncontaminated soil due to atmospheric deposition was calculated as follows (U.S. EPA, 1998 ):
where C s is the average soil concentration over the duration of the remedial actions (mg / kg); D yd is the yearly dry deposition from particle phase (g Pb /m 2 year ); D yw is the yearly wet deposition rate (g Pb /m 2 year ); k s is the loss constant for lead in soil ( year À 1 ); t D is the time period over which deposition occurs (year ); 100 is a unit conversion factor (mg m 2 /kg cm 2 ); Z s is the soil mixing zone depth ( cm ); and BD is the soil bulk density (g soil /cm 3 soil ). Since only dry deposition by gravitational settling was considered in this analysis, the values for D yd were estimated based on Eq. (3 ) (D ) and D yw was assigned a value of zero. Losses of lead deposited to the surface soil from leaching, degradation, or volatilization were assumed to be negligible -a conservative assumption. A value of 1 year was assigned to the deposition period (t D ). The value used for soil mixing zone depth (Z s ) was 1 cm. A site -specific value for the soil bulk density ( BD ) was not available; thus, the default value of 1.5 g/cm 3 was used ( U.S. EPA, 1998 ). With the above assumptions, Eq. ( 4) simplifies to Eq. ( 5):
Results
Air Lead Concentrations at the Site and Adjacent
Community Areas A summary of the air lead monitoring data collected at four sampling stations considered to be representative of all monitored locations is presented in Table 1 . Station CST5 was located in the community northwest of the site ( Figure 1 ). Data collected at this site were used in this analysis to represent the West Dallas community. Station ET6 was located at a nearby elementary school northwest of the site perimeter. Station BGCT3 was located at the north perimeter of the site. Station BGCT4 was co -located with BCGT3 and served quality assurance and control data needs. Although the maxima at the two co -located perimeter stations were different ( 24.8 vs. 10.8 g/m 3 ), in general, similar values were obtained at the two stations; 50% of the measurements differed by less than 10 and 75% of the samples differed by less than 20%. Similarly, high values at BGCT3 were associated with high values at BGCT4 ( correlation coefficient = 0.9 ).
The highest average and maximum air lead concentrations were recorded at the two stations located closest to the site (e.g., BGCT3: mean 0.95 g/m 3 , maximum 24.8 g/m 3 ). Air lead concentrations were considerably lower in the two community locations, CST5 ( mean 0.3 g/m 3 ) and ET6 (mean 0.06 g/m 3 ). By comparison, atmospheric lead concentrations in the US have ranged from 0.0046 g/m 3 in remote areas to 1.1 g/m 3 in urban areas (U.S. EPA, 1986 ) . In 1988, the average lead concentration for 139 urban air monitoring sites around the US was 0.085 g/m 3 and remained relatively unchanged, at 0.04 g/m 3 , when estimated between and 1995 ( ATSDR, 1999 .
Corrective actions that included modification of operations to reduce fugitive dust levels were implemented when air monitoring trigger levels were exceeded; for lead, the trigger level was the NAAQ standard of 1.5 g/m 3 . Over the 232 -day monitoring period, the 1.5 -g/m 3 action level was exceeded at 21 days at the BCGT3 station, at 20 days at the BCGT4 station, at 8 days at the CST5 station, and was never exceeded at the ET6 station. Corrective actions included wetting the area of concern, application of a dust suppressant, and filtering or otherwise controlling dust at the emission source. Measures taken to prevent dust emissions at all times included draping plastic tarps over openings in the smelter building to prevent dust from escaping the building during activities inside, covering debris stored outside with plastic tarps, and increasing the wetting down of outside concrete surfaces. Dust -generating activities were ceased whenever wind gusts exceeded 20 miles /h at the on -site weather station. The monitoring data reflect the impacts of the above preventative measures and corrective actions, and may not represent air lead concentrations that might have occurred had these procedures not been applied at the site. Figure 2 shows the results of ICRP and IEUBK model simulations of air lead exposures at each of the four locations in Table 1 . The increase in blood lead concentration above the baseline represents the predicted incremental increase that corresponds to the air lead exposures measured Table 2 summarizes the results of the ICRP model simulations of exposures at the four locations. Simulations of exposures at BGCT3 and BGCT4, representing the downwind site perimeter, indicated that if a population of children of ages 24 -36 months were to be exposed to air lead levels measured at this monitoring station, the GM blood lead concentration in this population would be 4.6 g /dl and the probability of exceeding a blood lead concentration of 10 g /dl would be 4.8%. The model predicted that the highest single -day blood lead concentration in the population would be 6.8 g /dl, which corresponds to probabilities of 20.5% of exceeding 10 g/ dl and 1.1% of exceeding 20 g/ dl (BGCT4 ). The predicted highest single -day blood lead value is an acute event associated with the highest air lead concentration at the location (Figure 2 ) . Therefore, it is highly unlikely that the maxi- Table 1 ).
Predicted Blood Lead Impacts from Outdoor Air Lead Monitoring at the Site
mum air lead levels recorded at the site would have resulted in an acute blood lead concentration exceeding the CDC ( 1991 ) trigger level of 20 g/ dl for medical evaluation. ICRP model simulations of location CST5, representing the downwind community, showed that a population of similarly exposed children living at or near the CST5 location, and who were exposed to the air lead concentrations recorded by the monitoring station, would have a predicted GM blood lead concentration of 4.5 g /dl with a probability of 4.4% of exceeding a blood lead concentration of 10 g /dl ( Table 2 ). The highest single -day GM blood lead concentration in the population was predicted to be 5.2 g /dl, which corresponds to probabilities of 8.0% of exceeding 10 g /dl and 0.2% of exceeding 20 g/dl.
Predicted daily blood lead concentrations were above the baseline for 103 days; however, during this period, neither the P 10 nor the P 20 exceeded 5%. In order to account for the possibility that some residents might keep their windows open for ventilation during the entire 8-h work day, the outdoor air exposure time assumed in the simulation was increased from 3 to 8 h /day. With the longer daily exposure duration, the predicted GM blood lead concentration was 4.6 g /dl with a probability of 4.8% of exceeding 10 g/dl.
The highest single -day GM blood lead concentration was predicted to be 5.6 g /dl with a probability of 0.3% of exceeding a blood lead concentration of 20 g/dl. These results suggest that at no time during the remedial activities was the RSR community exposed to air lead levels that could pose a significant human health concern.
Data from the air monitoring station at the ET6 station were selected to represent schools downwind from the site. ICRP model simulations of the air lead concentrations at this site predicted a blood lead concentration similar to the baseline blood lead concentration with no days above the baseline level (Table 2 ). The highest single -day GM blood lead concentration was predicted to be 4.5 g/dl with a probability of 0.1% of exceeding 20 g/ dl. When a longer daily exposure time of 8 h was considered, the GM blood lead concentration predicted by the model was 4.4 g/dl with a probability of 3.9% of exceeding 10 g/dl and the highest single-day GM blood lead concentration was predicted to be 4.5 g /dl with a probability of 0.1% of exceeding a blood lead concentration of 20 g /dl. Thus, the ET6 location did not appear to be impacted by air lead levels resulting from the remedial activities that took place on RSR site.
The results of corresponding IEUBK model simulations are shown in Table 3 . Exposure for the entire age year, 24 -36 months, was simulated using the arithmetic mean outdoor air lead concentration for the 232 -day monitoring period. IEUBK model predictions of the average blood lead concentration for the above -baseline period (Table 2 ) were lower than the ICRP model predictions for the 12-month average (ages 24-36 months ) ( Table 3 ). The corresponding P 10 values predicted by the IEUBK model were also lower, and were less than 5% at all locations. This difference may reflect, in part, the effect of averaging the exposure concentrations for use in the IEUBK model ( i.e., to arrive at a 1 -year average exposure concentration ), which would tend to dampen the effects of exposure spikes, which occurred during the monitoring period.
Potential for Recontamination of Remediated Areas by Ongoing Deposition of Airborne Lead
Airborne lead generated with dust emissions due to on -site remedial activities could not be avoided in spite of dust generation control measures taken during remedial activities (such as wetting down areas being remediated and limiting dust -generating activities during high gust windy days ). Monitoring data were used to estimate lead deposition rates at the four locations summarized in Table 1 . Based on the average air lead concentration at station CST5 of 0.24 g/ m 3 , which represented the West Dallas community at large, an average yearly deposition rate of 0.045 g /m 2 year was calculated from Eq. (3 ). Eq. ( 5) ( Methods section ) yields a soil concentration ( C s ) of 3.0 mg / kg, with the assumptions noted in the Methods section that included: (1 ) only dry deposition; ( 2) negligible loss of lead deposited to the surface soil from leaching; (3 ) a 1-year deposition period (t D ); ( 4) a mixing zone depth of 1 cm; and (5 ) a value of 1.5 g/ cm 3 for soil bulk density (BD; U.S. EPA, 1998). Therefore, the air lead concentrations resulting from remedial activities at the site are predicted to have potentially contributed to a 3.0-mg /kg increase in soil lead concentration at the monitoring location that represented the community at large. This predicted increase in soil lead concentration would not have had a significant impact on the remediated residential yards of the West Dallas community located next to the RSR Superfund site, since assumed for days not monitored ( see Table 1 and Eq. ( 1 ); Methods section ). b Arithmetic mean blood lead concentration for age range 24 -36 months. c Probability ( % ) of exceeding a blood lead concentration of 10 g / dl, assuming a GSD of 1.6. it would represent less than a 1% potential increase in soil lead concentration, when compared to the site-specific soil clean -up level of 500 mg /kg. Figure 3 shows the results of ICRP and IEUBK model simulations of a 3 -month exposure to 1.5 g/m 3 , 5 days/ week, beginning at age 24 months ( or 730 days ). The ICRP model predicts a gradual build -up of blood lead from the baseline of 4.4 g /dl to a maximum of approximately 5.4 g/ dl at the end of the exposure period. This is followed by a similarly paced decline to the preexposure blood concentration in approximately 100 days, followed by a more gradual return to the baseline blood lead profile. Blood lead concentrations were above the baseline values (by more the 0.1 g /dl ) for a total of 281 days. The figure also shows the agreement between the baseline ICRP model simulation and the blood lead profile for the IEUBK model default input settings. This same baseline was used in all ICRP model runs. In the IEUBK model simulation, the outdoor air lead concentration for the age range 24 -36 months (the minimum 12-month exposure time step ) was adjusted from the default value of 0.1 -1.1 g/m 3 , the timeaveraged exposure concentration equivalent to 1.5 g/m 3 for 5 days /week (Eq. ( 1 ), Methods section ). The IEUBK model predicted monthly blood lead averages that increased from 4.4 g /dl at month 24, to 4.5 g /dl during months 26 through 30, and then returned to preexposure levels over a subsequent 3-month period. The much higher build -up of blood lead predicted by the ICRP model is less evident in the IEUBK model simulation.
Simulation of Blood Lead Impacts for Exposure to the NAAQ Lead Standard
Estimation of Risk-Based Outdoor Air Lead Concentrations Based on Potential Blood Lead Impacts
The term RBC is used in this report to refer to an outdoor air lead concentration that satisfies two criteria: (1 ) exposure to the RBC results in an above -baseline average blood lead concentration no greater than that corresponding to a P 10 of 5%; and ( 2) a blood lead concentration on any single day no greater than that corresponding to a P 20 of 5%.
ICRP model simulations were run (i.e., 3-month exposures, days 730 -810) to various outdoor air lead concentrations and at various exposure frequencies. For each exposure concentration and frequency, three measures of blood lead impacts were determined: the number of days in which the blood lead concentration exceeded that of the baseline profile by at least 0.1 g/dl (days above baseline ), the arithmetic mean of blood lead concentrations for the days above baseline (above -baseline average ), and the highest single -day blood lead concentration ( highest ). The outdoor air lead concentration that yielded a P 10 of 5% was then determined based on the predicted above -baseline average blood lead concentration. RBCs based on the above -baseline average blood lead concentration ranged from 0.7 to 4.4 g/m 3 , if children were assumed to spend 3 h /day outdoors, and from 0.3 to 1.6 g/m 3 , if children were assumed to spend 8 h /day outdoors (Table 4 ) . Table 4 shows that the RBC drops below 1.5 g/m 3 , the corrective action level adopted for the site, if the exposure frequency Table 5 . ICRP model predictions of air lead concentrations resulting in the highest single-day blood lead concentration corresponding to a P 10 or P 20 of 5%.
Exposure frequency
Outdoor air concentration (g/m 3 ) Air lead intake (g/day) Days above baseline (day/week) P 10 P 20 P 10 P 20 P 10 P 20
Assuming 3 h/day spent outdoors 1 1. A 90-day exposure was assumed to occur over the age range 730 -820 days at the indicated frequencies (days/week). P 10 and P 20 are the probability of exceeding a blood lead concentration of 10 or 20 g/dl, respectively, assuming a GSD of 1.6. The highest single-day blood lead concentration was 4.6 g/dl for all P 10 simulations and 9.2 for all P 20 simulations, respectively.
is greater than 3 days /week for 3 h /day, or greater than 1 day /week for 8 h /day. Corresponding RBCs estimated from the IEUBK model are also shown in Table 4 . Simulations were run of 12 -month exposures ( ages 24-36 months), 1-7 days /week, to various outdoor air lead concentrations (default values were used for other ages), representing time -weighted average air lead concentrations (PbA TWA , Eq. ( 1) ), and the TWA air lead concentrations that resulted in a P 10 of 5% were determined. These values were 2.7 and 1.9 g/m 3 if children were assumed to spend 3 or 8 h /day outside, respectively. The corresponding air lead concentrations for various exposure frequencies calculated from Eq. ( 1) ( PbA; see Methods section ) are shown in Table 4 (numbers in parentheses ). The RBCs ranges were 2.7 -18 or 1.9 -13 g/ m 3 for 3 or 8 h /day outside, respectively. These values are higher than those predicted from the ICRP model ( Table 4) , even for exposure frequencies of 7 days /week, for which the exposure concentration was not time -averaged in the IEUBK model runs. The effect of time averaging on the predicted RBC appears to be pronounced at low exposure frequencies. For example, the RBCs for an exposure frequency of 1 day/ week, assuming 3 h /day spent outside, were 18 g/m 3 from the IEUBK, model and 4.4 g/m 3 from the ICRP model. The RBC predicted by the ICRP model was 8.5 g/m 3 for the same scenario when it was based on the 12 -month average blood lead concentration ( more analogous to the 1-year averaging time used in the IEUBK model ).
ICRP model simulations were also run to predict the air lead concentrations that would yield a P 10 or P 20 of 5% for the highest single-day blood lead concentration (Table 5) . RBCs based on a P 10 of 5% ranged from 0.4 to 1.9 g/m 3 , if children were assumed to spend 3 h/ day outdoors, and from 0.3 to 1.1 g/m 3 , if children were assumed to spend 8 h /day outdoors. If based on a P 20 of 5%, the RBCs ranges were 4.8 -29 or 3.5-21 g/m 3 , for the 3 or 8 h /day scenarios, respectively. The time required to obtain laboratory results from monitoring at the RSR site was approximately 3 days. Thus, exposure to any given air lead concentration might have gone undetected for that length of time before actions could be taken, if needed. In order to estimate a maximum air lead concentration that might pose an acceptable level of risk for a 3 -day period, an exposure of 3 days /week was simulated with the ICRP model. The air lead concentrations that corresponded to a P 20 of 5% were 10.2 g/m 3 , for exposures of 3 days /week, 3 h /day, and 7.3 g/m 3 for exposures of 3 days /week, 8 h /day.
Discussion
Remedial project managers responsible for cleaning up Superfund sites are usually faced with the problem of carrying out remedial or removal activities without contributing significant risk to nearby communities. To ensure that no or minimal contaminants leave the site through the air pathway, project managers employ air monitoring programs and strategies to control contaminants from leaving the site. The RSR Superfund site was a secondary lead smelting facility. The Record of Decision for the RSR site called for the demolition of the smelter stack and the buildings associated with the lead smelting activities. These remedial activities raised several concerns:
(1 ) risks from episodic exposures to high lead levels in air for a short periods of time (e.g., days ); ( 2 ) long -term impacts from exposure to lead released from the remediation activities; and ( 3) possible recontamination of remediated residential yards in the nearby community. In response to these concerns, continuous air particulate (PM 10 ) and lead monitoring was conducted at strategic locations downwind from the site, before and during the entire remedial project. This risk analysis has utilized the air monitoring data and models of lead biokinetics to evaluate, retrospectively, whether or not emissions control strategies employed at the site successfully mitigated potential risks to the adjacent community. An acceptable air lead level that is frequently used to monitor air emissions from Superfund sites is the quarterly average NAAQ standard of 1.5 g/m 3 . Monitoring data at the site indicated that 24-h air lead concentrations exceeded this level periodically. In order to assess the potential impacts of these exceedences, air lead exposures estimated from air monitoring were converted into predicted blood lead concentrations using the EPA IEUBK model (U.S. EPA, 1994b ) and the ICRP lead biokinetic model (Leggett, 1993 ) . The IEUBK model has been used extensively in assessing lead risks to children at Superfund sites where lead contamination of residential soils is a concern (U.S. EPA, 1994a; White et al., 1998 ). The ICRP model has been used by the ICRP, Department of Energy ( DOE ), and EPA to develop cancer risk coefficients for internal radiation exposures to lead and other alkaline earth elements that have biokinetics similar to those of calcium (ICRP, 1993; U.S. EPA, 1997). Both models simulate age -dependent kinetics of uptake of lead from the gastrointestinal and respiratory tracts; distribution of absorbed lead to blood, bone, liver, kidney, and other soft tissues; and excretion of lead. The IEUBK model simulates lead biokinetics in children up to age 84 months and includes a multipathway age -dependent exposure model and a blood lead variability model. The ICRP model simulates lead biokinetics from birth through adulthood.
The EPA IEUBK model is the only risk model that has been validated for use in the Superfund program for assessing lead risks to children where residential exposures to lead in soil and dust are known to be the major contributors to exposure ( U.S. EPA, 1994b; Hogan et al., 1998; Zaragoza and Hogan, 1998 ) ; however, the model has several limitations for the application intended at the RSR site. Although the model has been evaluated for predicting quasi -steady state blood lead concentrations associated with exposures of several months or years in duration, it has not been evaluated for predicting blood lead concentrations that might occur with rapidly varying exposures, such as those encountered during remedial activities at the RSR site. The IEUBK model simulates exposures as averages over 12 months or longer intervals and outputs blood lead concentrations as monthly or longer interval averages. Time averaging of exposures and blood lead concentrations will attenuate spikes in blood lead concentration that would be expected to occur with short -term elevations in air lead levels, such as those that were observed at the RSR site, where single -day air lead levels ranged from 0.007 to 25 g/m 3 ( Table 1 ) . Although several other research models that are structured to provide a more dynamic simulation of short -term exposures (Bert et al., 1989; O'Flaherty, 1991 O'Flaherty, , 1993 O'Flaherty, , 1995 are available, these have not been validated for such uses in a regulatory context ( LaKind, 1998 ) .
The ICRP model provided a useful alternative to the IEUBK model for this application because it accepts daily intakes through the inhalation (and ingestion ) route and simulates daily changes in blood lead concentrations. Although both the IEUBK and ICRP models yielded similar predictions of long -term (e.g., 12 -month ) average blood lead concentrations (e.g., Tables 2 and 3 ), short -term ( daily or monthly ) variations in blood lead concentrations evident in the ICRP model simulations were not present in the IEUBK model simulations (Figure 2 ). Thus, if potential short -term elevations of blood lead resulting from highly variable air lead levels are a concern, as was the case in this analysis, the ICRP model provides a useful approach to supplementing information gained from IEUBK model simulations. Similar conclusions have been offered by EPA ( U.S. EPA, 2001d ) .
The ICRP model has not been validated as a regulatory model for assessing lead risks in children. However, comparisons made between the ICRP and IEUBK models have shown that the ICRP model tends to predict higher quasi -steady state blood lead concentrations than the IEUBK model for the same rates of lead absorption ( Pounds and Leggett, 1998 ) . Thus, predicted blood lead concentrations and corresponding risk estimates (e.g., P 10 ) for long -term exposures that are based on the ICRP model can be expected to be higher than those based on the IEUBK model. In general, this was the case in the present analysis of the RSR site where the exposure duration considered was the 232-day monitoring period (Tables 2 and 3 ). Thus, we can be reasonably certain that the ICRP model did not underestimate risk associated with the long -term average exposures resulting from site remediation activities, relative to the IEUBK model risk estimates.
Of particular interest to this analysis is the reliability of the model for predicting the biokinetics of inhaled lead in children. Since lead absorbed into the systemic circulation would be expected to have similar biokinetics, regardless of the route of absorption, the concern resides in how well the model simulates deposition and absorption of lead in the respiratory tract. The respiratory tract portion of the ICRP model is empirically based on experimental observations from inhalation studies conducted in adults, which revealed multicompartmental absorption kinetics for deposited lead (Hursh and Mercer, 1970; Hursh et al., 1969; Wells et al., 1975; Chamberlain et al., 1978; Morrow et al., 1980 ) . In these studies, exposures were to particles having mass median aerodynamic diameters below 1 m and, therefore, deposition of the inhaled lead particles can be assumed to have been primarily in the bronchiolar and alveolar regions of the respiratory tract (James et al., 1994 ) where transport of deposited lead to the gastrointestinal tract is likely to have been only a minor component of particle clearance ( Hursh et al., 1969 ) . The ICRP lead model includes four deposition compartments from which a total of 95% of deposited lead is absorbed with half -times ranging from 1 h to 2 days, and 5% is transferred to the stomach (Chamberlain et al., 1978 ) . The slowest respiratory tract compartment would be expected to have the largest impact on blood lead concentrations resulting from acute inhalation exposures. However, since the slow compartment in the ICRP model receives only 10% of the deposited dose, it is not likely to greatly influence prediction of peak blood lead concentrations following acute exposures. Absorption from the faster compartments ( half -times of 1, 3, and 9 h ) would be nearly complete within a 1 -to 2 -day period; thus, if the half -times were underestimated in the model, predicted acute blood lead concentrations would not be substantially affected. We verified this by adjusting the half -times of all four respiratory tract compartments to 1 h. The highest blood lead concentration predicted at the CST5 site was 5.18 g/ dl when a half -time of 1 h was assigned to all four compartments compared to 5.16 g/ dl when the default values were used -a difference of less than 0.5%. Thus, an underestimation of the rate or extent of the absorption of inhaled lead is not likely to have been a significant uncertainty in this analysis.
We assumed for this analysis that 100% of inhaled lead would be deposited in the respiratory tract of children. This is most likely a conservative assumption, since deposition fractions, in general, are less than 100% for particle sizes ranging from 0.005 to 10 m, respectively; below 0.005 m, deposition increases to 100% (James et al., 1994 ) . The actual particle size distribution of the PM 10 fraction collected at the RSR site is not known. If the distribution was dominated by particles larger than 0.005 m, the model is likely to have overestimated deposition and peak blood lead concentrations following acute changes in exposure ( James et al., 1994 ) . If the particle size distribution was dominated by particles larger than 1 m, the model is also likely to have overestimated lead absorption of deposited lead because a substantial fraction of the inhaled particles larger than 1 m would have been deposited in the upper respiratory tract and subsequently transferred by mucociliary transport to the gastrointestinal tract where absorption would be less than 100%. The sensitivity of model predictions to assumptions about the deposition pattern was evaluated in simulations in which alternative assumptions were made regarding transfer of deposited lead to the gastrointestinal tract. For particle sizes in the range 1 -10 m, approximately 45-75% of the inhaled dose would be expected to be deposited in the nasopharyngeal or tracheobronchial regions where mucociliary transport mechanisms occur ( James et al., 1994 ) . If 80%, rather than 5%, of the lead that was deposited in the respiratory tract was assumed to have been transferred to the gastrointestinal tract, then the highest single -day blood lead concentration predicted for the CST5 monitoring location was 4.5 g/dl, compared to 5.2 g/dl -a difference of approximately 12%. Similarly, the above -baseline average blood lead concentration for the CST5 location was 4.3 g /dl when transfer to the gastrointestinal tract was assumed to be 80%, compared to 4.5 g /dl when a value of 5% was assumed. The relatively small effect of the gastrointestinal tract transfer parameter on the predicted blood lead concentration reflects the relatively small contribution of inhaled lead to total lead intake (on average, 1% of total ) at the CST5 location. Even during periods of exposure to the highest air lead levels at the CST5 location, intake from inhalation was less than half of total intake. The above considerations suggest that the ICRP model, as configured for this analysis, is unlikely to have underpredicted peak blood lead concentrations associated with the short -term fluctuations in air lead concentrations that were observed at the site.
The default assumption in the IEUBK model is that 32% of inhaled lead is absorbed (U.S. EPA, 1994c ). The IEUBK default value was based on an assumed particle size distribution in the vicinity of an active lead smelter ( less than 1 m, 12.5%; 1-2.5 m, 12.5%; 2 -15 m, 20%; 15 -30 m, 40%; greater than 30 m, 15% ); size -specific deposition fractions for the nasopharyngeal, tracheobronchial, and alveolar regions of the respiratory tract; and region-specific absorption fractions. Lead deposited in the alveolar region is assumed to be completely absorbed from the respiratory tract, whereas lead deposited in the nasopharyngeal and tracheobronchial regions ( 30 -80% of the lead particles in the size range 1 -15 m ) is assumed to be transported to the gastrointestinal tract where 30% would be absorbed at low total intakes to the gastrointestinal tract. The assumptions made in the ICRP model simulations of 100% deposition and 95% absorption of deposited lead would contribute to predictions of higher long -term average blood lead concentrations compared to those predicted by the IEUBK model.
Given the above uncertainties, we can, nevertheless, draw certain conclusions about risks to children presented by air lead exposures at the RSR site during the remediation activities. The IEUBK model predicted that, if children were exposed to the long -term average air lead concentration at any of the monitored locations, including the downwind perimeter location (BGCT3, BGCT4 ) and at a location representing the West Dallas community at large ( CST5 ), the probability of their blood lead concentrations exceeding 10 g/ dl would be less than 5% ( Table 3 ) . A nearly identical conclusion is supported by ICRP model predictions of long -term blood lead impacts (Table 2 ) . We can conclude from these results that air lead concentrations resulting from remediation activities at the site did not result in significant risk to children living near the site.
This analysis also demonstrates how a modeling approach can be used to develop RBCs for air lead emissions based on predicted probabilities of occurrence of a specific blood lead concentration. We opted to base the RBCs on a 5% probability of the long -term (i.e., 3 months or longer ) average blood lead concentration exceeding 10 g /dl or of a single -day blood lead concentration exceeding 20 g /dl. Use of the 10 g /dl as a level of concern for long -term, quasi -steady state exposures is consistent with EPA guidance for lead risk assessments (U.S. EPA, 1994a (U.S. EPA, , 2001a ). Selection of a concern level for acute elevations in blood lead concentrations is more problematic since there is no real consensus about health risks that might be associated with acute elevations in blood lead concentrations below 20 g /dl that persist for only few days. The use of 20 g /dl in this analysis reflects the CDC's recommendation that 20 g /dl should be a trigger level for medical evaluation ( CDC, 1991 ) and is not intended to imply that 20 g /dl is a threshold for health effects in children exposed acutely to airborne lead. Use of 20 g/dl or any other blood lead concentration as an acute concern level is controversial because there is no real consensus about health risks that might be associated with acute elevations in blood lead concentrations below 20 g /dl that persist for only few days. Little information is available on effects of acute lead exposures in humans. This may be a function of the time required for the expression of effects and the usual modes of exposure in humans, which are repeated or continuous exposure to high lead levels in dirt, paint, or in air. Nevertheless, there is general agreement that elevations in blood lead concentration above 20 g/dl, acute or otherwise, should be avoided and, within the range 30 -40 g/ dl, aggressive medical intervention should be considered ( CDC, 1991 ) . Health effects such as decreased heme synthesis, neurobehavioral changes, increased blood pressure, interference with vitamin D metabolism, and severe poisoning, with tragic central nervous system involvement, are expressed at blood lead concentrations of 30 g/dl and higher ( CDC, 1991 ) . Acute effects on the central and peripheral nervous system in children have been reported to occur in association with blood lead concentrations above 60 g /dl ( ATSDR, 1999 ) . By utilizing a predicted 1 -day blood lead concentration that corresponds to a P 20 of 5%, the remedial project manager for the site would have a safe margin and ample time to control remedial activities on -site without jeopardizing the health of the nearby residential community.
Tables of RBCs, such as Tables 4 and 5 , can be useful tools for evaluating the risk potential of air lead concentrations emanating from remediation activities at a site. In this case, the tables relate to a potential 3 -month exposure duration in children who might spend 3 or 8 h /day outside, where there is a source of airborne lead, such as the RSR site. However, RBCs for other exposure scenarios could be constructed using a similar general approach. If the abovebaseline average blood lead concentration is the basis for the RBC, then RBCs for a 3 -month exposure ranged from 0.7 to 4.4 g/m 3 (1 -7 days /week, 3 h/ day), or from 0.3 to 1.6 g/m 3 ( 1-7 days /week, 8 h /day ) ( Table 4 ) . RBCs estimated with the IEUBK model, based on 12-month average blood lead concentrations, were higher (Table 4 ). The ICRP model predicted that the above RBCs for longterm exposures would also pose minimal risk of acutely elevated blood lead concentrations since the RBCs based on the highest single -day blood lead concentration ( Table 5) are above the RBCs for long -term exposure predicted by either the ICRP or IEUBK models.
A similar approach can be used to evaluate the potential risks associated with exposures to the NAAQ standard of 1.5 g/m 3 , a commonly used trigger for corrective action during site remedial activities. Table 4 indicates that, if based on the ICRP model, the predicted risk associated with exposure to 1.5 g/m 3 would be within an acceptable range ( no more than a 5% probability of exceeding 10 g /dl ), if the exposure frequency was no more than 3 days /week and the time spent outdoors was no more than 3 h /day. However, if children spend 8 h/day outside, then a 3-month exposure to 1.5 g/m 3 at an exposure frequency greater than 1 day /week may not be acceptable. The IEUBK model predicted that exposure to 1.5 g/m 3 would not pose an unacceptable level of risk at any exposure frequency. Based on ICRP model predictions, acute risk of exposure to 1.5 g/m 3 is negligible for all exposure frequencies, if the risk estimate is based on a concern level of 20 g/ dl (Table 5) .
Possible recontamination of remediated residential yards of the surrounding community from on -site demolition activities was also assessed in this analysis by applying the lead monitoring data and the EPA Combustion guidance ( U.S. EPA, 1998 ) . Modeling of air emissions was not needed since 232 days of monitoring data were available with which to estimate annual average air lead concentrations. The average value of the air lead concentrations recorded at the CST5 air monitoring station (0.24 g/m 3 ), which represented the West Dallas community, was considered as a conservative estimate of the yearly average. The potential increase of soil lead concentration from a yearly dry deposition of a yearly average lead concentration of 0.24 g/m 3 was calculated to be 3.0 mg /kg. Thus, surface soil lead concentration at the CST5 location, at the downwind residential yards, would be expected potentially to increase by 3.0 mg /kg lead concentration for the duration of the demolition project. This increment is relatively insignificant, less than a 1% increase, compared to the site specific clean -up goal of 500 mg /kg. This does not exclude the possibility that lead -laden dusts emanating from the site could land on interior or exterior surfaces that children may contact. Although the potential contribution of this pathway was not explored explicitly in this analysis, the outdoor contribution of lead to the indoor environment was included in simulations as a 0.3:1 ratio of indoor-to -outdoor air lead concentration and an indoor dust lead concentration of 200 g /g (IEUBK model default values ) was also included.
In summary, intensive control measures that took place on -site to suppress dust emissions and release of lead into air appear, based on risk modeling, to have resulted in insignificant increments in health risks to children from lead emissions.
